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ABSTRACT

During this experimental testing program the effects of the
simultaneous application of high pressure and temperature environments
on the mechanical properties of 6061-T651 aluminum were analyzed.

From

the data obtained at the yield and ultimate points a yield and ultimate
model was developed based upon the parameters effective stress, effective strain, and the hydrostatic component of stress.

This model was

obtained solely from the data acquired from uniaxial tensile specimen
tested at various pressures and temperatures.

Two other loading paths--

biaxial tension and torsion--were then used to verify the accuracy of
the model.

From the testing program, data were also obtained for the

effects of the pressure and temperature environments on the other
material properties such as Young's Modulus, Poisson's Ratio, and
ductility.

The third objective of this testing program was to develop

test fixtures which would be able to perform the required tests as
well as to operate under the extreme environmental conditions.
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I.

INTRODUCTION

Stress analysis in the past decade has become more and more an
exact science due to the emergence of the finite element method of
solution for complex shapes and load patterns.

However, the finite

element method, as are all numerical approaches, is only as good as
the material properties used in the analysis.
The finite element method is characterized by the sectioning
of a structure or mechanism into a field of elements which are determined by the coordinates of nodes which are inputs to the program.
After the elements have been located material properties for each can
be input into the program.

These properties would be, for example:

Young's Modulus, Poisson's Ratio, coefficient of thermal expansion,
density, yield stress, and a linearized approximation of the stressstrain curve.

All of these properties can be input into the program

with temperature and pressure dependencies.

Also, as the programs

have become more and more sophisticated the stress-strain curve approximations have become more and more accurate.

Obviously, as the data

becomes more accurate the computed results will improve.

It is also

very important that this testing program and the results which are
tabulated be as general as possible so that an experimental program
would not have to be encountered each time the computer program is
run.

If a simple test could be devised which would give all the

needed values then analytical accuracy could be obtained without too
much cost or time.

Also if the data were presented in such a fashion

that it would pertain to all types of loading then this would create
time and cost savings.
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The two classic yield criteria--the Von Mises and the Tresca
theories--have enjoyed a great deal of usage; however, they both
indicate that yielding is independent of the hydrostatic component
of stress or pressure.

This means that a material can undergo an un-

limited amount of hydrostatic compression.
the fracture strength is even more apparent.

The effect of pressure on
P.W. Bridgeman (1,2,3,4),

R.L. Davis (8,9,13), and others have shown this experimentally.
As the state of the art becomes more and more refined it is
necessary to obtain more accurate predictions as well as to use the
greatest amount of a material's strength even beyond yield.

This is

where the finite element solution and a pressure dependent yield
and fracture theory are very important.

It is admitted that very few

problems have fluid pressure loading, but the hydrostatic component
of stress (or pressure) for any stress problem is
loading is pure shear.

non~-zero

Therefore, its effect must be

unless the

d~_termined.

The pressure dependent theory is not a completely new idea
but due to the advent of extrusion processes and interests in high
pressure metal forming more accurate solutions have been sought
which in turn has given rise to the development of the theory as
well as the finite element techniques that utilize these theories.
Robert L. Davis has shown in several publications (8,9,13)
that a model based on the parameters effective stress, effective
strain, and the hydrostatic component of stress predicts very well
the yield and fracture points for a material undergoing loading of
various types.

This theory incorporates these three parameters be-

cause they are invariant quantities and they include the principal

3

stresses (cr ,a ,a ) and the principal strains (E ,£ ,£ ) from which

1

2

3

1

any state of stress can be determined.

2

3

The effective stress:

therefore, contains the effects of the state of stress (from the
principal stresses).

Secondly, the effective stress for a uniaxial

tensile or compression test reduces to the actual stress on the
material.

For a uniaxial test:

Therefore:

or:

ae

=

a

The second parameter is effective strain which is defined as:

For plastic deformation the effective strain reduces to

since

~=0.5

during plastic deformation.

The third parameter used for this model is the hydrostatic
component of stress commonly referred to as the pressure since it
would include any environmental pressures applied to the system:
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Since the hydrostatic pressure causes negative stresses the negative
sign indicates that the environmental pressure is considered a positive
quantity.

An example at this point will be of value in showing how

this proposed model is obtained from various load configurations.
Figure 1 shows a general three-dimensional model represented
by effective stress, effective strain and pressure.

Indicated on the

figure are the yield and fracture lines and the nil ductility point.
The nil ductility point is located at the intersection of the fracture and yield lines.

Also shown on the figure are various load con-

figurations.
A uniaxial tensile load would have a slope -3 on the model
since the ratio of the effective stress to the hydrostatic component
is a -3.

That is:

cr e

cr

1
crm =--cr
3

For other loading paths the slopes would be, for example:
compression (slope= 3), torsion (slope=
-

00 ) ,

uniaxial

biaxial tension (slope

~) and triaxial tension or compression (slope= 0).

It should again

be noted that any environmental pressure on the material would then
be considered as a triaxial compressive stress.
a positive displacement along the pressure axis.

This would then be
From the sample

model it is apparent that various load paths could attain the same
point along the yield or fracture line.

For example, the point P

could be reached by any of the following load paths:

400
,.......

.,..
til
~

~

A

Biaxial Compression

B

Uniaxial Compression

c

Torsion

D

Uniaxial Tension

E

Biaxial Tension

Fr

til
til
Q)

..,
$.I

Cl)

300

Q)

.,....,>
t)
Q)
~
~

~

~il

Yield

Ductility
Point

c
100

200

300

400

Pressure (ksi)
Figure 1.

A Typical Yield and Fracture MOdel

500
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Type of Loading

Environmental Pressure
(ksi)

Uniaxial Tension

280

Biaxial Tension

340

Torsion

200

Biaxial Compression
Uniaxial Compression

70
110

This point is very important since it is now apparent that
a large portion of the model could be determined simply by conducting uniaxial tension tests under various environmental pressures.
From the yield and fracture data a model could then be determined
from the experimental data.

Once the model for any material is

known then any predetermined loading pattern can be plotted on the
model to determine the yield or fracture point for the given load
configuration.
This model could then be used as a very powerful tool in many
research situations.

By using the combination of the finite element

program and the experimentally determined yield and fracture model
a much more accurate solution could then be found for many complex
engineering problems.
Since the state of stress beyond the ultimate point is very hard
to obtain analytically and due to instability it was felt that the
ultimate rather than fracture point could better serve as a failure
criterion.

This thesis, therefore, presents the development of the

yield and ultimate model for 6061-T651 aluminum--a common industrial

7

material--by using the uniaxial tensile test under environmental
pressure.

Once this model had been determined from the experimental

results, two other loading paths were used--biaxial tension and torsion
under pressure--to verify the model.

Temperature was also introduced

to the system so that four different models--one for each of the
four test temperatures--could be developed and verified.
During the uniaxial tensile tests many material properties were
found for 6061-T651 aluminum under high pressure and temperature
environments.

The data was also tabulated and graphed and is one of

the first attempts to determine material properties under these
extreme conditions.

This data is a major portion of the necessary

input for the finite element method.
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II.

LITERATURE REVIEW

The two classic yield criteria of
the Tresca

theories~

plasticity~

the Von Mlses and

assume that the hydrostatic component of stress

has no effect upon the mechanical behavior of materials.

The state

of stress on an element can be divided into two independent components:

the deviatoric stress and the hydrostatic stress.

A pure state

of triaxial compression, for example, would, in the classic sense, have
no effect on the plastic behavior of a material since a state of triaxial compression would reduce to total hydrostatic stress and no
deviatoric component.
The pioneer of high pressure work, P.W. Bridgeman

(1~2,3,4),

was

one of the first to show that the hydrostatic component did have an
effect on the yield as well as the ultimate strength and ductility
of a material.

Most of Bridgeman's work was carried out during the

first half of the 20th century.

During World War II Bridgeman ran

a testing program consisting of a uniaxial tension tests under pressure to determine the effect of the pressure on the mechanical properties of the material.

At the same time he also attempted to run

torsion tests under pressure but abandoned this portion of the experiment because of experimental difficulties.

He performed the tests

in a 0.5 inch by 4.0 inch cylinder capable of withstanding pressures
up to 450,000 psi.

Using a yoke within the plunger-type system

Bridgeman ran tests on various steels,
other less common materials.

In his

copper~

system~

aluminum, glass, and

the pressure vessel had

one closed end on which the yoke and specimen rested.

As the plunger

9

descended into the vessel it developed pressure as well as elongated
the specimen undergoing the test.
Crossland (5) in 1954 developed a torsion test that could be
preformed under pressure.
in a torsion machine.

In this test the pressure vessel was placed

The fixed end simply held the vessel in place

while the rotating end twisted the specimen through a seal.

The

liquid under pressure was pumped into the side of the vessel.
Crossland carried out the torsion tests on steel, copper, a siliconaluminum alloy and some other materials at pressures up to 45,000 psi.
Later Pugh and Green (6) devised a method for carrying out tension
and torsion tests under pressure up to 220,000 psi.

In 1958 Hu (7)

carried out uniaxial tension tests on Nittany No. 2 Brass at pressures up to 53,000 psi using a yoke similar to Bridgeman's.

Based

on his experimental findings Hu developed some of the first theoretical work based upon several assumptions.
Davis and Daugherty (8) began work in 1966 on a pressure dependent theory.

The two researchers began by using available experi-

mental data from the works of Hu and Bridgeman and then formulated
a model based upon the effective stress, effective strain, and pressure
variables.

In 1971, Davis and Pendleton (9), showed that this model

was independent of the loading path.

The two authors showed that

results obtained from uniaxial tension, uniaxial compression, and
bending tests gave the same results within experimental error.
Considerable work has been done on the effects of temperature
on metals.

Glen (10), and Wilder and Ketterer (11) and others

10

presented papers at the 55th Annual Meeting of the American Society
of Testing Materials held in 1952.

These two works are very com-

plete in describing the effects of temperature upon various materials.
The Department of Defense (16) also in 1966 released a handbook for
aerospace materials which is invaluable for obtaining temperature
effects on aluminum, titanium, and other materials used in the
aerospace industry.
Roy (12) did work in the area of simultaneous application of
temperature and pressure on a sample of material.

However, Roy's

work was centered around pressures induced by solid media rather
than liquids.

This of course eliminated sealing problems but re-

duced the working area to only a few square centimeters.

Keith

and Davis (13) also did work in describing the effects of both temperature and pressure on a material.

In this work the authors tested

steel specimens in pressure extremes of 84,000 psi and temperature
0

extremes of 600 F.

However, they did not combine the effects of the

two variables on one specimen.

At the same time the two researchers

tested specimens with and without notches in order to obtain data
relating the effects of notches under pressure and temperature.
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III.

TESTING EQUIPMENT

A multi-layered steel pressure vessel with a 2 inch by 12 inch
cylindrical chamber was used for the testing program.

This vessel

was capable of withstanding pressures of up to 100,000 psi and
0

temperatures of up to 700 F without undergoing permanent damage.
The vessel shell was open at both ends and had ports 180° apart
for the pressure leads.
testing program.

Only one of these ports was used during the

Seals had to be designed for both ends and in

such a manner that a ram could be used to apply the loads for the
uniaxial and biaxial tension tests.

For the torsion tests seals

also had to be designed in such a manner that a torque could be
transmitted to the specimen within the vessel chamber.
Maraging steel (yield strength of 280,000 psi) was used to make
the seal bodies containing the seal rings.

The seals which were used

for the uniaxial and biaxial tensile tests are shown in Figures 2 and
3.

A threaded cap (Figure 4) was placed over each seal to hold it

in place as the pressure was applied.

A spanner wrench was used to

remove the caps and for this reason three holes were drilled into
each cap.
The uniaxial and biaxial upper seal (Figure 5) was designed
such that a ram could pass through it into the vessel chamber.

The

lower seal (Figure 6) was in turn designed such that strain gage
lead wires could pass through the vessel.

Both Figures 5 and 6

describe each individual piece and the material from which it was
made.

For the tests run at the higher temperatures a special "O"
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Figure 2.

Upper Seal and Cap with Ram

-- ~

Figure 3.

Lower Seal with Strain Gage Lead Wire Plug

Figure 4.

Upper and Lower End Caps

Number

Figure 5.

1

Seal Body

Maraging Steel

2

Mitre Ring

Gold-Plated Maraging Steel

3

Ring

Teflon

4

Backup Ring

Parker Seal Company 8-326
Compound N300-9

5

"O" Ring

Minnesota Rubber Company
Quad X 4326-514J

6

Ring

Gold-Plated Maraging Steel

7

Retaining Ring

Waldes-Kohinoor Inc. 5108-162

8

Mitre Ring

Gold-Plated Maraging Steel

9

"O" Ring

Minnesota Rubber Company
Quad X 4210-537A

10

Ring

Gold-Plated Maraging Steel

11

Retaining Ring

Waldes-Kohinoor Inc. 5000-100

Upper Seal with Material Description

Figure 6.

Number

Part

1

Seal Body

Maraging Steel

2

Mitre Ring

Gold-Plated Maraging
Steel

3

Ring

Teflon

4

Backup Ring

Parker Seal Company 8-326
Compound N300-9

5

"O" Ring

Minnesota Rubber Company
Quad X 4326-514J

6

Ring

Gold-Plated Maraging
Steel

7

Retaining Ring

Waldes-Kohinoor, Inc.
5108-162

Lower Seal with Material Description

Specification

16

ring compound was necessary.

By using the Quad-X seals developed

and produced by the Minnesota Rubber Company of Minneapolis, Minnesota
the extreme pressures at the higher temperatures could be contained.
Two threaded holes were tapped into each seal so that they could be
easily removed with two threaded rods and a lever.
The lower seal was designed with a conical section so that a
plug containing the strain gage lead wires could be matched with the
seal.

A drawing of this strain gage plug is shown in Figure 7.

The

plug was made with a partial conical section contoured such that
it would mate with the lower seal.

The steps in each drilled hole

prevented the wire from being forced through the hole as the pressure
was increased.

Epoxy was used to fill the holes around the wires

and in order to hold them in place.

To the inside ends of the wires

the strain gage leads could then be soldered.

The outside extensions

were entwined around a threaded rod which held the plug in place.
The threaded rod extended from the plug and out through the
lower cap.

A nut and washer then held the plug in place.

The pres-

sure within the vessel also forced the strain gage plug into the
conical slot therefore further insuring a leak-proof system.

Without

this method of positioning the plug, leaks developed as the vessel
was jostled into position.

At first it was believed that metal to

metal contact would not suffice in holding the pressure; however,
during the testing program it was found that the system held pressure
as long as the plug was properly positioned and there was tension in
the connecting rod.

This rod, therefore, served a dual purpose.
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Figure 7.

Strain Gage Lead Wire Plug
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00

Figure 8.

0

Disassembled Upper Seal

00
Figure 9.

Disassembled Lower Seal

0
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The upper seal (Figure 10) and end caps for the torsion test
were identical to the ones used in the uniaxial tests.
the bottom seal (Figure 12) had to be redesigned.

However,

The strain gage

lead wire plug was once again used to pass the strain gage lead
wires to the outside of the vessel.

A conical section was cut in

the bottom of the seal to position the plug.
to draw the plug into its seat.

A rod was again used

The lead wires and rod then ran

out of the vessel via a hole bored in the seal and the cap.

Just

above the conical seat a hexagonal section was cut into which ·the
end of the specimen fit.

This held one of the specimen ends sta-

tionary.
A Riehle Compression Tester was used (Figure 11) to introduce
compression on the ram which in turn through the use of test modules
produced tension on the specimen during the uniaxial and biaxial
tensile tests.

For the torsion tests a Tinius-Olsen Torsion Machine

was used (Figure 13).
For the program a furnace was needed to produce the required
temperatures.
fabricat .-~d

For this purpose an electrical resistance heater was

in the shop.

This heater was designed so that the maximum

temperature of 400°F used in the experiment could be obtained within
3-4 hours.

The complete pressure vessel was then inserted into the

furnace and then heated to the required temperature.

An immersion-

type thermometer was found to be the simplest, but accurate, method
of measuring the temperature.

The thermometer was placed through

the ram hole during the heating process.

After the vessel had
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Figure 10.

Upper Seal for the Torsion Test

Figure 11.

Riehle Compression Tester
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Figure 12.

Lower Seal for the Torsion Test
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Figure 13.

Tinius-Olsen Torsion Machine

Figure 14.

Fork Lift
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reached the required temperature the pre-heated ram was placed in
the vessel and the test was run.

During the actual testing time

a fluctuation of approximately 2-5°F was found.
In order to place the heater and pressure vessel into the
compression tester or torsion machine a fork lift was used since
the total weight of the test apparatus was over 400 pounds (Figure
14).
A positive displacement pump capable of delivering 125,000 psi
pressure was used to produce the required pressures of up to 60,000
psi.

A Bourdon tube pressure gage was used to measure the pressure

within the system.

Especially during the uniaxial tests the pressure

in the vessel did not remain the same but rose as the ram displaced
the oil within the vessel.

Therefore, the pressure within the

vessel was purposely set below the intended value before the test
began so that the mean pressure during the experiment would be fairly
close to the desired test pressure.
During most of the testing it was necessary to monitor the
strains on the specimen.

This was accomplished by using electrical

resistance strain gages mounted on the specimen.

The lead wires

ran out of the vessel through the use of the strain gage plug previously mentioned.

For the uniaxial tests the strains were also monitored

with the use of a dial gage which measured the travel of the ram.
This displacement, after calibration, gave the deformation of the
specimen and thus the strain.

This was done in case one of the

gages failed during the plastic portion of the test.
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Figure 15.

Uniaxial Tensile Test Setup

I

Figure 16.

Load Calibrator
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Strain readings were recorded manually from two strain indicators
located next to the compression or torsion tester.

For pressure and

temperature compensation a gage was mounted on a sample piece of
6061-T651 aluminum and then placed within the vessel chamber.

This

gage was connected to the strain indicators so that strains due to
temperature and pressure changes could be removed.
Since the load given on the dial of the compression tester gave
the sum of the forces on the ram (the force due to the pressure within
the vessel, the force due to ram friction along the seals, and the
force actually applied to the specimen) . a load calibration was necessary.

The load calibrator (Figure 16) consisted of two strain gages

mounted 180° apart around the circumference.

This configuration thus

eliminated any strains due to assymmetrical loading.

By running

several tests at each pressure and temperature with only a load cell
within the vessel the force due to friction and the pressure could
be calibrated out of the load readings.

This was done on a percentage

basis since the calibration curve was nearly linear.

Two tests were

run at each pressure and temperature to insure an accurate figure for
the percentage of the total load produced by friction and pressure.
A compensating gage was also mounted on a piece of steel taken from
the load cell itself.

This gage was then placed in the vessel while

testing was taking place.
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IV.
A.

INDIVIDUAL TEST FIXTURES AND PROCEDURES

Material Selection
In order to select a material a criteria list was drawn up:
1.

Brittleness

2.

Strength

3.

Machineability

4.

Availability and Cost

5.

Popularity

6061-T651 aluminum was selected for the experimental portion of this
investigation since it met each of the requirements.

Availability

and cost were chosen as the most important priority in that only
reasonably priced and readily available materials could be used in the
testing program due to limited funding and time.

Popularity of the

material . was given important consideration since the investigation
would be of much more value if the data were related to a popular
material.

Research done on an exotic material has much less value

than that done on a material often used in industry.

6061 aluminum

has become very popular especially in the aircraft industry and hence
satisfies this criterion very nicely.
Brittleness became an important factor as experimental procedures became known.

For all three

type~

of loading strain gages were

used for obtaining the stress and strain data.
strain gages are reliable only up to 10% strain.

At the very best
Post yield gages

can give results up to 15% in ideal conditions but they are not
functional above 200°F.

Preliminary studies on 6061-T651 aluminum

showed strains of up to 6% and an ultimate strength of 50,000 psi.
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It was also important to keep the strength of the material as low as
possible so that the testing apparatus would not have to be too bulky
since all the work would be done within a 2 inch by 12 inch cylindrical
chamber.
6061 aluminum also meets the machineability criterion very easily
since it is easily worked with a lathe.

All the specimens had to be

machined from bar stock so it was essential that machining did not
create imperfections as well as residual stresses.

All of the uniaxial

tension and torsion specimens were machined from the same bar stock
so that continuity within the testing program could be assured.

The

biaxial tension specimens were machined from 1 1/2 inch bar stock
since these specimens had to be larger in diameter than the uniaxial or
torsion specimens.

However, the 1 1/2 inch 6061-T651 bar stock was

checked for ductility and strength before the testing began.

The two

types of bar stock were similar within experimental error.
For the pressurizing fluid plexol was used because of its high
0

flash point (approximately 500 F) and high fire point (approximately
600°F).

A large quantity of plexol was also available in the labora-

tory.
B.

Uniaxial Tensile Test Module
It is much simpler to apply compression to a system than tension.

For a tensile load to be applied the system must be grasped while for
compression simply pushing applies the required load.

When dealing

with bulky equipment it is therefore easier to apply a compressive
load.

However, for both the uniaxial and biaxial tensile tests a

method had to be devised which would convert this compressive load
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into a tensile force.
The schematic drawing (Figure 17) shows how this transition
is accomplished.

The actual assembled uniaxial tension module is

shown in Figure 18 and the disassembled yolk is shown in Figure 19.
The following is a part by part description.
1)

Outer Cylinder:

The outer cylinder was a right circular

cylinder made of a heat-treated high strength steel.

The

cylinder itself was only one-eighth of an inch in thickness
but was still capable of carrying the necessary loads to
fracture the specimen.

The cylinder supported the whole

uniaxial test module and held the top portion of the specimen stationary during the test.
2)

Inner Cylinder:

The inner cylinder held the bottom half

of the specimen in place.

This piece also served as the

means by which the compressive load applied by the ram
reached the bottom of the specimen and by which a tensile
stress was induced on the specimen.
3)

Top Cap:

The top cap served as a spacer between the prongs

of the inner cylinder and the ram.

Therefore, the force

of the ram was transmitted from the ram to the top cap to
the inner cylinder and then to the bottom of the specimen.
4)

Top Chuck:

The top chuck had the most complicated shape of

all the parts of the uniaxial test module.

The inner cylinder

prongs had to be able to slide through the top chuck.

The

chuck was also machined such that the top of the specimen
rested in a tapered hole cut within the part.
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Load

Figure 17.

Schematic Drawing of the Uniaxial
Tension Test Module
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Figure 18.

Figure 19.

Assembled Uniaxial Tension Module

Disassembled Uniaxial Tension Module
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Figure 20.

Uniaxial Tension Specimen
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5)

Top Wedges:

Two semi-circular wedges held the specimen within

the tapered hole cut into the center of the top chuck.

As

tension was applied to the specimen the wedges were forced
along with the specimen into the tapered hole in the chuck.
6)

Bottom wedges:

Three quarter section wedges were used to

lock the bottom of the specimen into place within the inner
cylinder.

Only three wedges were used so that strain gage

lead wires could run out of the inner cylinder and then to
the strain gage lead wire plug.
For the uniaxial tensile test the specimen (Figure 20) was a
1/2 inch diameter cylinder with tapered ends.

These ends matched with

the wedges at both top and bottom.
C.

Uniaxial Tensile Test Procedures
Once the specimen had been loaded into the test module the entire

assembly was lowered into the pressure vessel and the seals were
driven into place.
ture.

The vessel was then heated to the required tempera-

When the proper temperature had been reached the thermometer

was removed from the ram hole and the pre-heated ram was inserted into
the vessel.

The fork lift was then used to lift the heater and the ves-

sel into the compression tester.

During the uniaxial tension tests

both lateral and longitudinal strains were recorded so that Young's
Modulus and Poisson's Ratio could be . calculated.

The gages were con-

nected to one strain indicator with the use of a switch and balance
unit.

Each gage was then read alternately at 500 pound increments.

For example, at 500 pound load the lateral gage was read and then at
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1000 pounds the longitudinal reading was recorded.

This procedure

was continued up to 6000 pounds load.

A third gage was mounted on

a small sample of 6061-T651 aluminum.

This gage then served as a

compensator to any fluctuations of the pressure or temperature within
the vessel.
specimen.

This gage was placed within the vessel along with the
All strain gages when used in a pressurized medium need

to undergo a process called "pressure seasoning".

This process is

necessary since the gages will drift while under pressure unless
they undergo seasoning.

This is done by simply pumping the system

to the required pressure four or more times.
The displacement of the ram was also monitored with a dial gage
mounted along side the vessel.

This was done so that it would not be

necessary to break each specimen with gages mounted on it.

Since

the changes in Poisson's Ratio are so small it was felt that for
accurate results it was necessary to use the same specimen along with
the same gages for all the elastic tests.

After enough data had

been obtained to find the elastic properties the test was stopped.
A similar specimen was then used to determine the yield point and
the plastic portion of the stress-strain curve.

The dial gage could

then be compared with the strain gage data and a calibration curve
formulated.
From the longitudinal strain gage data and the load indicated
on the testing machine a stress-strain curve could be drawn for
the material under the required environmental conditions.

The load

on the dial had to be corrected with the use of the load calibrator
(Figure 16) and by using the procedures outlined in the following
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sections.

By dividing this calibrated load by the original specimen

area the stress on the specimen at any time could be found.
The uniaxial tensile tests were run at sixteen different conditions.

Four temperatures--80°F, 200°F, 300°F, and 400°F--and four

pressures--atmospheric, 20,000 psi, 40,000 psi, and 60,000 psi--were
used for these sixteen different environmental conditions.
D.

Thin-walled Cylinder Specimen
From the Mechanics of Materials equations for thin-walled cylin-

ders it is known that:
Pr

~=~

cr

c

=

Pr
t

where crL and crc are the longitudinal and circumferential stresses,
respectively, r is the radius, and t is the wall thickness.

It is

obvious from these relations that the longitudinal stress is one-half
as large as the circumferential stress.

Therefore, if a tensile

stress were applied in the longitudinal direction and its magnitude
were

Pr
2t

then we would have the condition:
cr L

=

cr c

=

Pr
t

or, for the outside surface of the cylinder:
cr

1

= cr 2 =

Pr
t

cr

3

=

o

The thin-walled cylinder (Figure 21) used for this portion of
the testing program was designed with a tapered section at the top
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Figure 21.

Thin-walled Cylinder Specimen

Figure 22. Biaxial Tension Cylindrical Support
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Figure 23.

The Ram
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which mated with a similar taper on a cylinder (Figure 22) made of
steel.

This cylinder was used as spacer as well as a support for

the specimen.

The ram (Figure 23) was used not only for supplying

the secondary tensile force but also to furnish the pressure within
the thin-walled cylinder.

This was done by fitting the upper portion

of the ram with a pressure fitting and boring a hole the length of
the shaft.

The ram was then pushed through an "O" ring which sealed

the top of the specimen.

Since the top of the specimen was held

stationary by the steel spacer and support, a tensile load could
be induced within the specimen in the longitudinal direction simply
by pushing on the ram.
E.

Biaxial Tensile Test Procedures
Many of the same procedures used for the uniaxial tensile test

were used for the biaxial test although this second test was much
simpler in nature.

The primary purpose of the thin-walled cylinder

experiment was to verify that the yield and fracture model determined
by the uniaxial test is indeed independent of the loading path.
Two gages were mounted on the biaxial tensile specimen--one
in the lateral direction and one in the longitudinal direction.

Once

again the compensating gage made from a sample of 6061-T651 aluminum
was used.
indicators.

The two active gages were connected to two different strain
As the pressure began to build up within the thin-walled

cylinder the two active gages began to give different readings.

At

this point the pump was stopped and the axial load induced by the
ram began to equalize the two gage readings.

This was a very tedious
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task since due to the Poisson's Ratio effect the longitudinal gage
reading would increase while the circumferential gage reading would
decrease.
Once the two gages had been balanced the pump was turned on in
order to send a small pressure pulse into the system.

After this

pressure increase had affected the gages the ram was used to equalize
the strain readings.

This procedure was continued throughout the

experiment until rupture.

Therefore, technically, the loading path

was not a perfectly smooth curve but rather a stair shaped curve.
Approximately 20 of these steps were required for fracture.
Two pressure leads run from the pump to the pressure vessel.
One of the leads which was fitted with a valve ran to the side of
the pressure vessel and was used to pressurize the chamber of the
vessel.

The second lead ran to the ram and was used to pressurize

the inside of the thin-walled cylinders.

Therefore, for example,

if 40,000 psi was the required test pressure then both leads were
used so that there was 40,000 psi both inside as well as outside the
specimen.

Once this pressure was reached the valve was closed on the

lead running to the pressure vessel and then only the inside of the
thin-walled cylinder was pressurized.
The stresses on the specimen could be computed directly from the
pressure applied to the inside of the cylinder.

Therefore, from the

data obtained from the two active gages and the pressure within
the system yield and ultimate data could be obtained.
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Two tests using the thin-walled cylinders were conducted.
four tests included the extreme test conditions of:

These

atmospheric

pressure and room temperature, 60,000 psi and room temperature,
atmospheric pressure and 400°F, and 60,000 psi and 400°F.
F.

Torsion Test
The upper seal (Figure 10) and the lower seal (Figure 12) were

used for sealing the pressure vessel as well as for serving as the
testing fixtures.

The bottom seal performed as the stationary

support for the torsion specimen and as the seat for the strain
gage lead wire plug.

This seal was locked into place onto the

lower end cap so it would not rotate.

The pressure within the

vessel plus the friction of the seals also helped in anchoring
the seal in place.

The strain gage lead wire plug was mated with

a conical hole in the seal (Figure 12).

The same principle for

the uniaxial and biaxial tensile tests was used to seal with wires
running through the plug.
A hexagonal hole was cut into the bottom seal to serve as the
fixture to hold the non-rotating end on the specimen in place.

This

hexagonal hole matched the hexagonal cross-section of the bar stock
used for the testing program.

At the rotating end of the specimen

the hexagonal section was also kept sothat a socket attached to the
ram could grasp the specimen.

Between these two hexagonal sections

two circular cross-sections were formed. The larger of the two areas
was used as the torque measuring apparatus, and the smaller was used
as the test section.

Since a large portion of the torque

~

/

/
~

Figure 24. Torsion Specimen

-
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applied by the testing machine had to be used to overcome friction,
a method had to be found to accurately measure the torque actually
applied to the specimen.

This was done. by designing a portion of

the specimen such that this cross-section would remain elastic even
during the highest loads required.

By mounting a strain rosette

on this section the maximum shear strain could be determined.
Since the equation for torque is:

T = TJ
r

where T is the torque applied to the specimen, T is the shear stress,
J is the polar moment of inertia, and r

is the radius.

The shear

stress could be found in turn from the following equation:

yG

T

where y is the shear strain and G is the Modulus of Rigidity.

The

Modulus of Rigidity could be determined from the relation:

G =

E

2(l+ll)

where ll is Poisson's Ratio and E is Young's Modulus.

From the data

recorded for Poisson's Ratio and Young's Modulus at each pressure
and temperature the Modulus of Rigidity could be calculated for each
test condition.

Using these values, the shear strain readings, and

the dimensions of the specimen the torque can be found.

T

=Q
r

E

2(l+ll)

In fact, it is
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From a second rosette mounted on the smaller area which served
as the test section the strains could be measured and in turn the
stresses calculated during the elastic portion of the test.

However,

once the specimen became plastic the following equation was no longer
valid:

T

=

yG

During the plastic portion of the torsion experiment the shear
stress-torque relation does not hold since for this equation it is
assumed during its derivation that the material remains elastic.
However, if one knows the torque and angle of twist relation:

T

F(0)

it is possible to determine the unknown shear stress-shear strain
curve:

T = f(y)

From the basic torque-shear stress relationship:

T

=

21T

Jfr

2

TP dp

0

where p is the radius to any point within the specimen and r is the
outer radius and:

= re
it follows that for a given angle of twist per unit length (8 0

):
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y

=

p0

8 dp

0

0

dy

and:
T

27T

=0

3
0

where Yr is the shear strain at the outer radius.

Since this equation

had been obtained for a given angle of twist per unit length it
therefore holds for any angle of twist per unit length (0):

TG 3

2
f(y)y dy

=

The right hand portion of the
limit y

and since y

r

r

=

eq~ation

is a function of the upper

r0 it is also a function of 0.

Therefore,

from Leibnitz's Formula:

d

3

3 2

- - (T0 ) = 27Tf(r0)r 0
d0
Since:
T

r

=

f(r0)

the shear stress at the outer radius of the circular section is determined from the last equation:

T

r

=

1

d

3

3 2 • d0 (TG ) =

27Tr 0

1

27Tr3

This indicates that the shear stress T
strain y

r

r

(0 dT
dG

+ 3T)

corresponding to a shear

= r0 in a twisted bar can be determined from the torque-angle

of twist per unit length diagram T

= F(0)

by adding the lengths of

3
the two strai2ht 1ines CP and 3AP lFi2ure 25) and dividing by 27Tr •
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Figure 25.

Torque Versus Angle Twist Curve Used for
Calculating Shear Stress and Strain
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The specimen was twisted with the use of a ram which penetrated
the upper seal.

This ram was fitted with a socket which held the

hexagonal end of the specimen.

Since the load caused by the pressure

within the vessel would be transmitted along the ram to the testing
machine a method had to be devised which would transmit this force
to the vessel.

By fitting the ram with a collar this potentially

damaging force was transmitted to the upper seal and therefore to
the upper end cap and the vessel (Figure 10).

Since this collar

had to rotate with the ram and against the upper seal surface but
still transmit a large load to the seal a thrust bearing had to be used.
Four torsion tests were conducted to give an indication of the
independency of the yield and ultimate model from the loading path.
The following test conditions were used for this purpose:

atmospheric

pressure and room temperature, 60,000 psi and room temperature,
0

0

atmospheric pressure and 400 F, and 60,000 psi and 400 F.
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V.

A.

EFFECTS OF PRESSURE AND TEMPERATURE
ON MATERIAL PROPERTIES

Young's Modulus
From the uniaxial tensile test stress and strain data Young's

Modulus can be determined.

The method of least squares was used to

calculate the mean value for this elastic constant for each of the
sixteen runs.

These values are tabulated in Table I.

In order to achieve as much control as possible over test conditions the same specimen and gages were used in all sixteen tests.
This eliminated errors introduced by differences in gage orientation,
specimen material, or gage characteristics.
From the values in Table I a definite temperature effect is
noticeable; however, no trend is found among the tests run at the
various pressures.

At first, only a slight decrease in the value

of Young's Modulus is noticed as the temperature is increased to
0

However, as the temperature rises above 200 F a very sizeable
difference is observed between the values for room temperature (80°F)
and 400°F.

In fact this difference is greater than 10%.

The stiffness of a material, which is measured by the value
of the Modulus of Elasticity, is a measure of a material's ability
to resist deformation while being loaded.

Therefore, if a material's

Modulus of Elasticity decreases then the material will undergo
larger deformation for a given load.

A material which is heated

will, thus, deform much more readily per unit load (Figure 26).
As the material is heated the crystaline structure of the specimen is changed in such a way that it causes the material to lose a
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Table I.

Temperature
(oF)

Effects of Pressure and Temperature on Young's Modulus*

Pressure (ksi)
Atmospheric

20

40

60

80

9.87

9.85

9.87

9.86

200

9.83

9.79

9.85

9.83

300

9.46

9.43

9.47

9.51

400

8.84

8.82

8.87

8.81

2
6
*Young's Modulus (10 lbs/in )

49

10.00

.,..
'"'

9.50

{I)

Q.
~

0

r-1

~

{I)

~

r-1

~

9.00

~

~

-

ell

()()
~
~

0

1>-1

8.50

100

200

300

Temperature ( oF)
Figure 26.

Effect of Temperature on Young's Modulus

400

Table II.

Temperature
(oF)

Effects of Pressure and Temperature on Poisson's Ratio

Pressure (ksi)
Atmospheric

20

40

60

80

0.327

0.331

0.334

0.336

200

0.325

0.332

0.333

0.337

300

0.327

0.333

0.334

0.335

400

0.329

0.331

0.331

0.337

\J1

0
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portion of its stiffness.

The pressure surrounding the specimen,

on the other hand, does not affect the molecular structure of the
material sufficiently to cause a change in the Modulus of Elasticity
at least for the range of pressures used in this program.
B.

Poisson's Ratio
Once again, from the uniaxial tensile test strain data, a value

for Poisson's Ratio for each of the test conditions could be obtained.
These values are tabulated in Table II.
The effects of the temperature and pressure were exactly the
opposite in nature to that observed for Young's Modulus.

The tempera-

ture did not, at least for the range of the tests, have an effect
on the ratio of the transverse and the longitudinal strains.

This

is compatible with the observations for Young's Modulus since the
temperature seemingly affects the material's stiffness equally in
all directions.
being isotropic.

The temperature effect could then be termed as
As the pressure increased, however, a small but

definite increase was noticed for the value of Poisson's Ratio.
This increase was, however, never more than 4%.
Since Poisson's Ratio is derived from a volume consideration an
attempt was made at this point to explain this increase from this
point of view.

vf -v0
v0

Dilatation is defined as:

£

X

+

£

y

+

£

Z

where vf-Vo is the change in volume from an initial value of V0 and
£ , £ , £z are the normal strains in the x, y, z directions, respectively.
X

y
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For the uniaxial tensile test load the change in volume is:
VL

-v0 =

cr

= -E

E (1-2~)
X

(1-2~)

(1)

where VL is the change in volume from an initial value of V

0

,

~

is

Poisson's Ratio, cr is the normal stress, and E is Young's Modulus.
The environmental pressure within the pressure vessel acts on this
new volume and prevents to some degree its full expansion.

3P (1-2~)

In fact:

(2)

E

where Vp is the change in volume from an initial state of VL' and P
is the environmental pressure.

Therefore, as the specimen is loaded

it increases in volume but the pressure surrounding this specimen
prevents this expansion from fully occurring.

This situation would

be similar to a specimen whose Poisson's Ratio was higher in value.
If the new Poisson's Ratio is defined as

~

0

then the volume change

for this new value is:

vn
v0

-=

cr

E

(1-2~

o

)

(3)

where Vn is the change in volume from an initial condition of V0

•

The previous three equations are considered along with the relation:

(4)

The four equations and four unknowns (Vn' VL' VP' ~ 0 ) can be solved
simultaneously in terms of ~' P, E.
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(1-211 )
0

3P

(1-211) - - - (1-211)

2

(5)

E

If the full change for the value of Poisson's Ratio were due
to the pressure acting on the new volume then both sides of Equation
(5) should be equal.

Uowever, if the values of 11, E, and P are

inserted into the right hand side of the equation only 10% of the
change is accounted for.
The remainder of this effect has to be explained as pressure
effects on the molecular structure of the material.

It would be

very interesting to see what effects much higher pressures would
have on Poisson's Ratio; however, this is beyond the scope of this
dissertation.
C.

Ductility
The two most common methods used to illustrate material

ductility are percent elongation and percent reduction in area.
These two parameters are given for 6061-T651 aluminum as a function
of pressure and temperature in Figures 27 and 28.
The percent elongation curves indicate that both pressure and
temperature increases cause an increase in the percent elongation.
Or, in other words, increasing pressure and temperature increases the
ductility of a material.

This idea is further shown by the percent

reduction in area curve.

Theoretically a 100% reduction in area

represents a final area equal to zero.

This is, of course, impossible

but the curves do approach this value asymptotically.
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Figure 29.

Uniaxial Tensile Specimen Tested at 80°F--From Left
to Right--Atmospheric Pressure, 20,000 psi, 40,000 psi,
and 60,000 psi

Figure 30.

Uniaxial Tensile Specimen Tested at 200°F--From Left
to Right--Atmospheric Pressure, 20,000 psi, 40,000 psi,
and 60,000 psi

57

· Figure 31.

Figure 32.

Uniaxial Tensile Specimen Tested at 3000 F--From Left
to Right--Atmospheric Pressure, 20,000 psi, 40,000 psi,
and 60,000 psi

0

Uniaxial Tensile Specimen Tested at 400 F--From Left
to Right--Atmospheric Pressure, 20,000 psi, 40,000 psi
and 60,000 psi
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· Figure 33.

Uniaxial Tensile Specimen Broken at Atmospheri~ Pressure
and Room Temperature (left) and 60,000 psi and 400°F
(right)

· Figure 34.

Biaxial Tension Specimen Ruptured
at aoop and Atmospheric Pressure
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Figure 35.

Figure 36.

Biaxial Tension Specimen Ruptured
at 400°F and 60,000' psi

Torsion Specimen Broken at Room Temperature
and Atmospheric Pressure (top) and 400 0 F and
60,000 psi (bottom)
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The photographs (Figures 29 through 32) show the uniaxial specimen after they were ruptured under the given environmental conditions.
From each photograph the effects of both pressure and temperature
on the ductility of 6061-T651 aluminum are fairly obvious.

This

type of aluminum is somewhat brittle as shown by Figure 28 but
pressure and temperature increases have a very appreciable effect as
the specimen on the right of Figure 32 indicates.
The biaxial tensile test also showed an increase in ductility
as pressure and temperature increases acted on the thin-walled
cylinder.

The bulge and fracture line were much larger for the

specimens which were ruptured under the more extreme environments
(Figures 34-35).
A very interesting effect was encountered during the torsion
0

test at the extreme conditions of 400 F and 60,000 psi.

This speci-

men was twisted 7.47 revolutions over a 2 inch gage length without
rupturing; however, the effects on the material were very pronounced.
This specimen is shown in the lower portion of Figure 36.

The test

section was badly warped and contorted although it never did rupture.
For comparative purposes the specimen under normal room conditions
broke after 2.27 revolutions.

This second specimen is shown in

the top portion of Figure 36.

The ductility of the material was

increased so much by the increases in both pressure and temperature
environments that it failed to rupture even after such a severe test.
D.

Stress-Strain Curves
Figures 37 through 40 represent the various stress-strain curves

obtained during the uniaxial tensile tests for 6061-T651 aluminum.
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Figures 37 through 40 are plots of the effective stress versus the
effective strain with the environmental pressure as a parameter and
temperature held constant.

The four figures, therefore, indicate

the effects of pressure on the stress-strain curve at each of the
temperature conditions--80°F, 200°F, 300°F, and 400°F.
It is very evident from each of these curves that increased
pressure causes a small increase in the yield strength of the material and large increases in the ultimate strength and ductility.
Although no stress-strain curve was plotted with pressure held constant and temperature as a parameter, from such a curve it wou1d be
evident that increased temperature decreases the strength of the
material but increases the ductility of the

spec~en

even more so.

Tables III and IV are tabulated values for the yield and ultimate
strengths of 6061-T651 aluminum in the various testing environments.
These tables further show the changes in the strength of the material
as changes occur in the environmental conditions.
From these tables as well as the actual stress-strain curves
conclusions can be made as to the effect of the pressure on the
material.

A small but nonetheless definite increase is noted in the

yield stress as the pressure rises.

The ultimate stress changes more

drastically with as much as a 40% increase being observed for a
pressure increase of 60,000 psi from atmospheric conditions.

As

the temperature is increased, however, to a value of 400°F as much
as a 40% drop in the ult~te strength was recorded while the yield
stress dropped nearly as drastically.

Since both factors increased
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'Table III.

Effects of Pressure and Temperature on Yield Strength*

Pressure (ksi)

Temperature
(OF)

Atmospheric

20

40

60

80

40.8

41.9

42.7

44.1

200

36.9

38.1

38.7

40.3

300

34.4

35.1

35.9

36.9

400

28.3

29.4

30.1

30.8

*Yield strength (ksi)

Table IV.

Effects of Pressure and Temperature on Ultimate Strength*

Pressure (ksi)

Temperature
(oF)

Atmospheric

20

40

60

80

49.1

55.7

60.5

67.1

200

44.8

50.8

55.3

61.1

300

39.3

44.6

48.3

53.6

400

32.0

36.2

39.3

43.6

*Ultimate strength (ksi)
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ductility independently it would be safe to assume an increase in duetility occurs when both temperature and pressure increases were permitted.

Indeed this is the case as previously mentioned.

The

strength of the material can also be analyzed from a superposition
of effects point of view.

Figures 41 and 42 represent the stress-

strain curves for increasing pressure and a temperature as well as
increasing temperature and decreasing pressure.

If the temperature

were increased to 400°F and the pressure to 60,000 psi from normal
room conditions very little change would be noticed in the ultimate
strength.

This negligible change can be attributed to the cancelling

effects of the temperature and pressure.

The pressure attempts

to cause a 40% rise while the temperature attempts to cause a 40%
drop.

Thus, only a very small drop is noticed in the ultimate stress.

Figure 41 shows this effect very clearly.

The pressure has very

little affect on the yield stress (increased pressure increases the
yield strength); however, the temperature increase has a considerable
effect on the yield strength especially at the higher values of
temperature used during the testing program.

Figure 42 points out

these combined effects very vividly.
E.

Toughness
The amount of energy absorbed by an engineering material during

deformation can be a very useful tool for analysis especially when
the analysis is from an energy point of view.

The strain energy

of a system is the work done on the system per unit volume, or:

u

=

w=
v

Pde
AL
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where U is the strain energy, W is the work, and V is the volume.
The volume of the system is the cross-sectional area times the
length and the work done on the system is the load acting on the
system times the deformation of the material.
equality can be written.

Therefore, the second

However, the load divided by the area is

normal stress and the deformation divided by the length is normal
strain, then:

u

=

I

<JdE:

where cr is the normal stress and s is the normal strain.
tegral in turn is the area under the stress-strain curve.

This inThe area

under the entire curve is defined as "toughness".
For each of the sixteen uniaxial tensile tests the toughness
was measured with a planimeter.
obtained by this method.

Two sets of toughness values were

First, only the area under the curve up

to the ultimate stress was determined (Table V).

Secondly, the true

toughness was evaluated (TableVI) using the entire curve up to rupture.
The stress-strain curve up to ultimate is very well defined
because of the multitude of data points; however, after the specimen
began to neck it was very hard to determine the exact shape of the
curve.

Also since the exact state of stress is not known for the neck-

ing phenomena it is much better to use the ultimate values at least
for comparative purposes.

The two tables do, however, indicate the

same trends.
As the pressure increases toughness increases since both the
ultimate stress and the ductility rise in value simultaneously.

Table V.

Temperature
(oF)

Effects of Pressure and Temperature on Ultimate Toughness*

Pressure (ksi)
Atmospheric

20

40

60

80

2840

3920

5200

5960

200

2920

3830

4790

5190

300

2860

3740

4140

5520

400

2460

3180

3540

4040

3
*Ultimate toughness (in-lbs/in )

Table VI.

Effects of Pressure and Temperature on Fracture Toughness*

Pressure (ksi)

Temperature
(OF)

Atmospheric

20

40

60

80

4140

5780

7200

8540

200

3950

5390

6520

8080

300

3900

5300

6480

7980

400

3900

5000

6170

7030

3
*Fracture toughness (in-lbs/in )
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However, for the temperature portion of the experimental data the
toughness decreased as the temperature increased.

Temperature in-

creases the ductility while decreasing the strength; however, this
increase in ductility is not sufficient enough to offset the reduction
in strength.
Pressure increases caused as much as a 100% increase in toughness
but the temperature only had a 15% effect due to the cancelling effect.
Figure 43 is a three-dimensional plot of the ultimate toughness
versus both pressure and temperature.

This figure is simply a

graphical representation of the data given in Table V.
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VI.

THE YIELD AND ULTIMATE MODEL

The effective stress, the effective strain, and the hydrostatic
component of stress were calculated for each of the 24 test conditions and plotted on graphs representing the effective stress versus
the hydrostatic stress and the effective strain versus the hydrostatic
or mean stress.

Temperature was used as a parameter and for this

reason there are graphs for each of the four test temperatures
(Figures 44-51).

The loading paths are determined from the ratio

of the effective stress and the hydrostatic component as given in
Section I.

For these three loading paths the slopes are -3 (uniaxial

tension), a negative 3/2 (biaxial tension), and

oo

(torsion).

It

should also be noted that the hydrostatic stress is considered positive for a compressive value.

Therefore, increased pressure indi-

cates a shift to the right along the mean stress axis.
It is quite apparent from the figures that the environmental
pressure and temperature do indeed affect the yield as well as the
ultimate stress of the material.

This is indicated by the slope of

the ultimate line as well as the shift of the position of the lines
as the temperature changes.
The nil ductility point (the point where the ultimate and yield
lines intersect) is quite apparent for each of the effective stress
versus hydrostatic stress curves.

This point is also noticed on

the effective strain versus mean stress curves.

At this point the

material no longer undergoes plastic deformation but instead breaks
at the yield point.

It was hoped for this series of tests that this
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Yield and Ultimate Model for 6061-T651 Aluminum at 80°F
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Yield and Ultimate Model for 6061-T651 Aluminum at 200°F
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Yield and Ultimate Model for 6061-T651 Aluminum at 300°F

80

100

80

60

•

Torsion Yield

fl.

•

Uniaxial Yield

0 Uniaxial Ultimate

II

Biaxial Yield

0

Torsion Ultimate

Biaxial Ultimate

"..-1Ul

~
._,

Ul
Ul

...cu

4J
ell

40

cu

>

..-1
4J
CJ

cu

~

I

~

~

20

I

-40

-20

Figure 47.

0

20

40
Hydrostatic Component (ksi)

60

80

Yield and Ultimate Model for 6061-T651 Aluminum at 400°F
(X)

0

81

point would be encountered during testing; however, this did not
come about because of the shape of the model.

It was felt that the

biaxial tensile test would have the appropriate load path to reach
this point.

It would be extremely valuable to researchers if this

point and the shape of the nil ductility region could be determined.
In cases of triaxial tension this portion of the model might be
needed.

In order to determine this portion of the curve a load path

consisting of triaxial tension would be required.

This would be

very hard to do since it would be hard devise the test and then
also determine the exact load path from analytical considerations.
Bridgeman in his works has found that the state of stress in a notched
uniaxial tensile specimen is indeed a triaxial tension state of stress
but it would be difficult to determine the experimental data.
From the effective stress versus mean stress curves the linear
effect of pressure on the ultimate and yield strengths is noticeable.
It is also evident that the model can be constructed from one load
situation (in this case uniaxial tension) and used to predict the
strength of the same material in various load configurations.

This

point is very important in that it allows a researcher to determine
the model for a given material by using a simple test under a pressure environment.

He can then predict yield and ultimate stresses

for any known stress state affecting the material.
By introducing temperature as a parameter the researcher can
further develop his model for conditions of varying temperature.
For instance, a stress analyst for a pressure vessel manufacturer
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would be able to predict the yield stress of the vessel material
forming the inner lining.

Since this inner liner could be subjected

to hot fluids under pressure he could predict the effects of this
type of loading.

The simplicity in developing the model and the

simplicity in usage are two very important factors •

.An important point should be raised at this point about the
slope of the yield and ultimate , lines.

For this range of testing

the slopes were constant but this should not be extrapolated further.
A change in slope at some high pressure point could be very possible.
A Beta Press capable of producing pressures up to 250,000 psi has
been in use in the Engineering Mechanics Department for four years.
However, this test apparatus possesses a very small bore for test
fixtures.

The press would then be very difficult to use for a uni-

axial tensile test because of the small space involved but it could
be done with very careful design.
The effective strain versus hydrostatic stress curves are also
very useful since they indicate the deformations which are possible
before encountering rupture.

These curves are important to forming

processes since they indicate how much a material can be bent or distorted into shape before fracture lines might appear.

As both tempera-

ture and pressure increase the effective strain increases as indicated
by Figures 48-51.
A stress analyst must therefore interpret both the effective
stress as well as the effective strain curves before he determines
the effects of pressure and temperature.

Although a certain process
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Stress-Strain Model for 6061-T651 Aluminum at 80°F
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might not increase strength it might increase ductility sufficiently
enough to allow the process to be undertaken.
Figure 52 is a three-dimensional representation of the effective
stress, effective strain, and hydrostatic component of stress for a
0

temperature of 80 F.

This would be the model for 6061-T651 aluminum
0

at a temperature of 80 F.

This three-dimensional view is very hard

to use because of its complex shape.

Therefore, it is much more

convenient for a researcher to use the two different two-dimensional
0

views previously introduced for a temperature of 80 F.
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VII. CONCLUSIONS
The pressure-dependent model formulated from the uniaxial tensile tests predicted very accurate results for the biaxial tension
and torsion paths.

This accuracy would then indicate that models

of this type would indeed be invaluable for predicting yield and
ultimate (or fracture) stresses for a given load configuration.

Two

major factors seemingly give this type of model an advantage over
the classical theories.
in usage.

These would be ease in formulation and ease

Also the accuracy indicated by this testing program,

especially in the plastic range, is a strong selling point.

Coupling

this yield and ultimate model with the finite element method would
give stress analysts a very powerful tool for solving problems having
complex shapes and loading patterns.
The data tabulated and graphed gives some indication of how
the temperature and pressure affect the material properties of a
typical engineering material.

The trends indicated by the data

should give an indication to researchers as to how their particular
material will behave.

A similar testing sequence could be used on

any particular material if more accurate results were needed.
The procedures and fixtures used during this testing program
are given in as much detail as space would warrant and hopefully
these ideas will be of value to further research in the high pressure
mechanics field.
The Engineering Mechanics Department at the University of
Missouri-Rolla campus has purchased an environmental chamber capable
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of

temperature~

0

0

between -300 F and 1000 F.

This testing apparatus

will be very valuable in continuing the testing program especially
in the areas of extreme cold or heat.

This environmental chamber

has been designed such that the same pressure vessel used in this
program could be used within the chamber.

This could lead to some

very important data especially in the nil ductility region of the
yield and ultimate model.
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